This review of the current knowledge of impact spherule layers in the Barberton greenstone belt, together with new petrographic, geochemical, and field data on a number of impact and volcanic spherical particle horizons, highlight a number of problems with the proposition of frequent and large meteorite impacts during mid-Archean times. Field data indicate that some of the four previously proposed impact spherule layers may be laterally correlative units that may have formed from the same impact event. Petrographic work reveals the presence of volcaniclastic particles associated with some spherule layers, while other layers not regarded as impact deposits contain clasts commonly observed in the spherule beds. Major and trace element compositions of spherule layers reflect the composition of the immediate host rocks. The existing platinum group element and chromium isotope data are difficult to reconcile with the current knowledge of the composition of meteoritic debris. A thorough discussion of these problems is necessary before meaningful estimates of Archean impact flux and bolide diameters should be attempted.
INTRODUCTION
Spherule-bearing layers of purported meteorite impact origin are known from the mid-Archean Barberton greenstone belt of South Africa and the late Archean to Paleoproterozoic Transvaal and Mount Bruce Supergroups of South Africa and Western Australia, respectively (Simonson and Glass, 2004) . Layers containing impact spherules as well as microtektites and microkrystites have also been described from the Eocene, K/T boundary, Triassic, and Devonian (review by Simonson and Glass, 2004) , although these layers are generally much thinner than those in the Precambrian, and the spherules show different textures with regard to the more ancient ones (Simonson and Harnik, 2000) . A spherule horizon ca. 1.8-2.1 Ga has been discovered in southern Greenland by Chadwick et al. (2001) and tentatively related to either the Sudbury or Vredefort impact structures, while distal impact ejecta derived from the Sudbury event has recently been described 700 km away from the impact site (Addison et al., 2005) . In the Barberton greenstone belt, four specific spherule horizons named S1 to S4 have been proposed as being of impact origin (Lowe et al., 1989 . Zircon dating yielded ages of 3.47-3.24 Ga for these strata, with the S1 horizon seemingly having a coeval counterpart in the Pilbara craton (Byerly et al., 2002) . Spherules in the Barberton belt are interpreted to have formed by condensation of global clouds of impact-generated rock vapor and to represent distal impact deposits far from the original crater sites (Lowe et al., 1989; Kyte et al., 1992; Byerly and Lowe, 1994; . There has been debate about whether some or all of these horizons ought to be considered of impact origin Koeberl and Reimold, 1995; Reimold et al., 2000) , mostly on stratigraphic and geochemical grounds.
Apart from the S1-S4 spherule horizons, a number of other layers with spheroidal particles of volcanic origin, such as accretionary lapilli, have been identified in the Barberton stratigraphy (Heinrichs, 1984; Lowe, 1999a) . A careful study of these layers is necessary, because accretionary lapilli have been observed as an integral part of recently discovered ejecta from the Sudbury impact (Addison et al., 2005) .
Because of widespread silica metasomatism in the Barberton greenstone belt (Paris et al., 1985; Duchac and Hanor, 1987; Lowe, 1999b) , unequivocal distinction between spherical particles of volcanic or impact origin may not always be easy. Although recent chromium isotope analyses clearly indicate an extraterrestrial component in some of the spherule layers (Shukolyukov et al., 2000; Kyte et al., 2003) , many problems concerning mainly their geochemical characteristics still remain unanswered.
However, a better understanding of the Barberton spherule layers is significant for a better understanding of early Earth evolution. Impacts by large extraterrestrial objects are undoubtedly capable of causing major changes in Earth's atmosphere, hydrosphere, biosphere, and lithosphere (e.g., Sleep and Zahnle, 1998; Glikson, 1999) . On the other hand, ancient impact ejecta may also help in elucidating secular variations in the evolution of the Earth (Simonson and Harnik, 2000; . In this contribution we present a critical review of the current knowledge about the Barberton spherule layers and point to problematic aspects associated with the impact origin of these strata. This discussion is augmented by new petrographic, geochemical, and field data on impact and volcanic spherical particles from the Barberton greenstone belt.
SPHERULE LAYERS FROM THE BARBERTON GREENSTONE BELT
Four seemingly impact-derived spherule layers have so far been described from the Barberton greenstone belt: S1 in the upper part of the Hooggenoeg Formation and S2 to S4 in the Fig
Tree Group (for their geographic and stratigraphic positions, see Figs. 1-3; also Lowe et al., 1989; . While S4 has been reported from only a single locality, the other layers in the Fig Tree Group crop out at several localities in the central part of the greenstone belt (Fig. 2) .
Difficulties have been encountered with the correlation and numbering of these spherule layers . This is because the central part of the Barberton greenstone belt consists of several fault-bounded tectono-stratigraphic units that structurally duplicate sections of the uppermost Onverwacht volcanic rocks and overlying Fig Tree strata (e.g., . Zircon dating has suggested that the Onverwacht-Fig Tree contact in different tectono-stratigraphic units could be diachronous (Kröner et al., 1991; Byerly et al., 1996) . These complexities resulted in changes of the numbering scheme for the S2 and S3 beds at some locations in the past literature (Lowe et al., 1989; . On the basis of geochronological data, spinel character and abundance, Ir contents, and spherule types, suggested that, in southern outcrops, S2 is present at the Onverwacht- Fig (Fig. 1) . also mentioned "at least two," so far undescribed additional spherule layers (e.g., at the contact between the Sheba and Belvue Road Formations, Fig. 3 ) and suggested that some layers currently correlated with S3 may represent S2 or other spherule layers.
Apart from possible impact spherules, a variety of other spherical particles occur in sedimentary event deposits in the Barberton greenstone belt. These particles include accretionary lapilli and quenched liquid silicate droplets of possible volcanic origin. In the following, we discuss some salient aspects of these respective horizons, with new observations reported from a suite of new samples, some from new localities.
Spherule Layer S1
S1 is a laterally continuous (>25 km) layer of spherulebearing sandstone that is interbedded with a sequence of green and black banded chert several meters thick . This chert horizon (H4c of occurs in the upper part of the Hooggenoeg Formation where it overlies a komatiite sequence (Figs. 1 and 3) . The spherule layer consists of two normally graded beds 10-20 cm thick that consist of spherules mixed with chert intraclasts and possible impact-produced debris . Ir contents are up to 3 ppb and are similar to background values (generally <5 ppb for Barberton komatiites; Lowe et al., 1989 . Chromium isotope analysis has not been performed on this bed. S1 has been interpreted to represent a current-or wave-deposited layer in an otherwise low-energy, relatively deep-water environment .
Samples of silicified sandstone from H4c have been studied in thin section. One sample (H9, Table 1) contains abundant spherules similar to those described by . These are characterized by spherical, dumbbell, and ovoid shapes, contain acicular crystallites that have been replaced by sericite, and have central or off-centered nuclei composed of somewhat coarser-grained silica (Fig. 4A ). Other clasts are more variable in shape and include fragments probably derived from underlying chert and volcanic rocks. Possible pyroclastic grains also occur and include altered glass shards of the type shown in Figure 4B , grains of pumiceous appearance, and porphyriticvesicular grains (Fig. 4C) .
Archean spherule layers in the Barberton Greenstone Belt 35
Figure 1. Geological map of the western part of the Barberton greenstone belt and immediately surrounding granitic terrane, showing the distribution of spherule layers S1 and S3 of the northern areas (modified from Kamo and Davis, 1994; . TTG-tonalite-trondhjemite-granodiorite.
Spherule Layer S2 and Other Event Deposits
A spherule layer is locally present along the Onverwacht- Fig Tree contact near the top of a sequence of banded black cherts, which are assigned to the Mendon Formation of the Onverwacht Group by , and 0-5 m below siltstones, fine-grained sandstones, and, locally, ferruginous siltstones and cherts of the Fig (Msauli Chert; Lowe, 1999a ; also see section below, Accretionary Lapilli). The Msauli Chert is overlain by banded black and white chert, followed by siltstone and shale of the Fig Tree Group (Fig. 5) . The OnverwachtFig Tree contact in this southern section is, according to , devoid of a spherule layer. Instead, a characteristic horizon of sandstone and chert pebble conglomerate is preserved at the stratigraphic level where one would expect to find S2 (Figs. 5 and 6A) . A similar conglomerate commonly occurs at the base of the banded chert sequence (Fig. 5) . All of these horizons formed during high-energy current events in an otherwise low-energy, probably deep-water environment and could record volcanic-, seismic-, or impact-related events. Scattered, unusually large accretionary lapilli (Fig. 11A in are associated with some of the sandstone beds.
Samples of the sandstone and conglomerate event deposits (Table 1) are compositionally diverse and contain a wide variety of different clast types. Large, sedimentary chert clasts are common and most likely represent reworked material derived from underlying or laterally equivalent beds, although carbonaceous matter is much less common in the clasts compared to the host rock. Apparent volcanic clasts are common, as indicated by porphyritic, vesicular, and acicular textures (Fig. 6B) . Some of these may be reworked volcanic rocks derived from the erosion of underlying or laterally equivalent units, but most of them appear to represent pyroclastic fragments that were also affected by reworking. These grains sometimes form distinct monomict volcanic sandstone beds (Fig. 6B) . Clasts of chertcemented, probably volcaniclastic, sandstone are also common in this interval. One sample (MC10, Table 1) contains 2 vol% of spherical, ovoid, dumbbell, and teardrop-shaped clasts, probably of volcanic origin, that resemble impact spherules (Figs. 6D, 6E, and 6F) with regard to petrographic criteria for spherule recognition (Simonson, 2003 ; also see below). . S2 is well developed at many localities along the Onverwacht-Fig Tree contact in this stratigraphic unit where the S2 type section is situated (Fig. 2, locality D) . S2 is a medium to very thick (up to 3 m thick) bed of fine chert pebble conglomerate containing disseminated spherules. In many sections, S2 consists of two spherule layers separated by an erosion surface or thin chert beds . S2 marks a high-energy wave or current event in an otherwise low-energy,
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A. Hofmann et al. Fig. 1) , showing the stratigraphic position of spherule layers (and samples used in this study) in the southern area and in areas north of the Inyoka Fault, as exemplified by the stratigraphy of the Stolzburg Syncline (modified from .
possibly deep-water environment, in which deposition of intercalated banded cherts took place. Iridium values of this layer are up to 3.9 ppb, similar to komatiite values (Lowe et al., 1989 . However, one sample of S2 yielded a small deviation from the terrestrial chromium isotope value, which was calculated into a 1% extraterrestrial component. Values of this order are typical for known impact deposits . Sample F2 (Table 1) is from the S2 type locality, and sample MC13 (Table 1) was collected south of it (Fig. 2 , locality E). Spherules are spherical or ovoid or show irregular shapes as a result of compaction. They are either zoned, with coarsegrained quartz in the center that is surrounded by a rim of chert and phyllosilicate, or they are texturally massive, in which case they consist mainly of finely intergrown chert and phyllosilicate (Figs. 7A and 7B) . A detailed description of S2 spherules is presented by . The spherules are admixed with silicified sedimentary and volcanic fragments and quartz lithoclasts that may have been derived from reworking of underlying rocks. Unlike the S1 layer, unequivocal pyroclastic grains were not observed.
Spherule Layer S3
In the southern parts of the Barberton belt, S3 occurs 800 m above the lower contact of the Fig Tree Group (Fig. 5) . In contrast, in the northern areas, the spherule layer at the Onverwacht-Fig Tree contact, previously correlated with S2 (Lowe et al., 1989) , is now correlated with S3 . Because of these uncertainties, individual layers have to be considered separately.
In its type section (Fig. 2 , locality F), S3 occurs in the middle of an ~11-m-thick section of silicified sandstone and chert pebble conglomerate, termed Jay's Chert , which occurs several tens of meters above a thick succession of jaspilitic banded iron formation (Fig. 2 ). S3 at this locality is a spherule-bearing sandstone to fine chert pebble conglomerate that contains abundant pyrite. Iridium contents are very high (426-519 ppb, . Jay's Chert is part of a unit of pebbly sandstone and conglomerate horizons 50 m thick within finely laminated siltstones that can be traced for several kilometers to the west; spherules have been described from the type locality and from an ~50-cm-thick unit of two graded beds to the west (Fig. 2 , locality G; Fig. 5 ; Hofmann, 2005a) .
Other S3 sites described by Spherules also occur as individual grains or spherule-bearing rock fragments ~10 m below the latter bed in up to 150 m long and 2 m wide dykes of carbonaceous chert. These spherules were regarded to have been derived from the overlying bed by downward movement into fissures, now represented by chert dykes .
In the northern part of the Barberton greenstone belt (Fig. 1 . Detailed mineralogical descriptions and geochemical information of Sheba and Agnes samples were published by Koeberl et al. (1993) , Koeberl and Reimold (1995) , and Reimold et al. (2000) . Iridium and other platinum-group element contents of spherule-rich samples are high at Sheba Mine (104-725 ppb Ir; , variable on the west limb of the Barite Valley Syncline (2-145 ppb Ir, although it is unclear which bed was analyzed), but generally close to komatiite background values at most other localities (<5 ppb). However, several beds consisting of almost pure spherules contain remarkably low Ir values, such as S3 on the east limb of the Barite Valley Syncline (5.8 ppb) and S3 at Mount Morgan Mine (1-13 ppb, . High Ir values in the latter bed only occur in the uppermost part where spherules are admixed with other detritus . Koeberl et al. (1993) , Koeberl and Reimold (1995) , and Reimold et al. (2000) observed extremely high Ir concentrations, up to 2700 ppb, for spherule-bearing samples from the Sheba and Agnes Mine localities (Fig. 1) .
A distinct variety of spherules containing dendritic and skeletal Cr-and Ni-rich spinels are common in spherule layers now regarded as S3. They are absent at some localities, especially where spherules were reworked and admixed with intrabasinal detritus . The chemical composition of the spinels has been described to be unique and distinct from spinels in komatiites and other volcanic rocks (Byerly and Lowe, 1994) . Detailed mineralogical and geochemical studies of this material have also been reported by Reimold et al. (2000) . They observed that spinel grains are zoned, with a core enriched in Ni, a middle Ni-rich zone, and a comparatively Ni-depleted but Zn-rich rim zone. The Zn enrichment of outer zones was taken as clear evidence for secondary, hydrothermal processes having affected these grains. Many S3 samples studied to date have been characterized as sulfide rich. Most of this sulfide is pyrite, but chalcopyrite, sphalerite, galena, and As-bearing sulfides such as gersdorffite (a Ni-As sulfide) have been described Koeberl and Reimold, 1995; Reimold et al., 2000) . Matrices of such samples are composed of secondary quartz, sericite, barite, and siderite, with other carbonates occurring sporadically.
Many so-called S3 occurrences in the southern and eastern sections, i.e., mostly those beds that occur within the Fig Tree Group, are intercalated with shallow-water deposits and commonly preserve evidence for current and/or wave reworking and mixing with intrabasinal detritus. The nearly pure spherule bed on the east limb of the Barite Valley Syncline was reported to contain evidence for tidal current activity . Spherule layer exposures in more northern areas consist of a thin, rather undiluted bed, which has been interpreted to represent a fall-deposited layer in a deeper-water setting . Spherules consist of massive chlorite and some subspherical nuclei of chert; the spherules are strongly compacted and squashed; the matrix consists of 30-300 µm, angular clasts of mono-quartz, chert, and phyllosilicate-rich clasts. The claystone layer contains disseminated, ellipsoidal (i.e., less compacted), large (up to 2 cm) chlorite spherules with some off-centered chert nuclei. A few spherules are replaced by microcrystalline quartz along their margins. Spherical to ovoid (probably due to compaction) spherules that are locally densely packed and entirely replaced by quartz and sericite micromosaics. Cryptocrystalline chert fills the interstices between spherules, but angular to subrounded fragments of chert and quartz also occur.
F12
Spherule layer (BVS, east limb; Fig. 9 ), spherule sandstone 90 vol% spherules, 700 µm-1.5 mm, mostly 1 mm, well-sorted, 10 vol% sericite-chert matrix.
Spherules are replaced by chert and sericite and are variably compacted. Opaques (oxides, chromite?) occur preferentially along the spherule rim. Traces of disseminated sulfides are present. Many spherules display outer zones with radial mineral growth of quartz and sericite. Compared to spherules in F14, these zones are substantially wider, making up 1/3 of the spherules. Some spherules have nuclei that are not always in the center and that consist of coarse quartz or massive, finely intergrown chert and sericite.
(continued) Clasts > ~1 mm are mostly well rounded, tabular clasts of massive to laminated, relatively pure chert with minor sericite and some carbonaceous matter. Some pebbles consist of clasts disseminated in a 50 vol% chert matrix. These clasts are 500 µm-2 mm, irregular and angular, and consist of mixtures of chert, phyllosilicate, and opaques, some with fuchsite. They have an opaque, oxide-rich rim and some show an acicular or porphyritic texture; the clasts probably represent reworked volcanic rock or pyroclastic fragments. A distinct variety of clasts is mostly <800 µm, is rich in opaques and phyllosilicates, and has a common black rim (absent along fresh edges); the clasts are angular to well rounded, and several show porphyritic and acicular textures.
Thinly bedded, coarse-(500 µm-2 mm) and finegrained (50-300 µm) layers, 30 vol% clear chert matrix.
Monomict composition, all clasts are irregular-shaped, subrounded to very angular, and consist of chert, sericite, chlorite, and minor opaques; all clasts contain equant to tabular, partly idiomorphic domains of clear chert >200 µm, possibly pseudomorphs after olivine, and chert-filled vesicles, making up ~30 vol% of the clasts. Accretionary lapillistone, volcaniclastic sandstone MM3
Middle Marker (Fig. 3) , volcaniclastic sandstone 200-500 µm clasts, mostly chert with minor but varying amounts of intergrown sericite, loose packing, 40 vol% matrix.
Mostly equant, sometimes spherical, but also many irregular, angular clasts of massive, mostly fine-grained chert in slightly coarser-grained silica matrix. Many particles have a very thin, dark outer rim. Many clasts represent shards of only sparsely vesicular glass, as indicated by the presence of broken bubble walls. The shards have a slightly coarser-grained outer rim of silica lacking phyllosilicate. Spherical particles may represent quenched lava droplets, although teardrop and dumbbell-shaped particles are absent; an accretionary origin for the spherules cannot be discounted.
MM5
Middle Marker (Fig. 3) , accretionary lapillistone 500 µm-2 mm lapilli, 30 vol% of relatively coarsegrained chert matrix.
Accretionary lapilli consist of intergrown chert and phyllosilicate (sericite and yellowish-brown phyllosilicate) and are generally spherical to ovoid, the latter probably a result of compaction. Broken and rare dumbbell-shaped lapilli also occur. Clasts (<200 µm) of coarsely crystalline quartz (sometimes with a phyllosilicate rim) or phyllosilicate, many of which are distinctly shard-shaped (angular, broken bubble walls), are common in the lapilli. H14 Hooggenoeg Formation (H3c?, Fig. 3), accretionary lapillistone 100-800 µm lapilli, mostly 150 µm, ~30 vol% of matrix, extreme silicification makes clast identification difficult.
Uncommon spherical, but abundant equant and many angular clasts. Many, mostly angular, phyllosilicate-rich clasts that may be replaced volcanic rock fragments. Spherical particles are relatively coarse (>500 •m) and are internally coarsegrained and heterogeneous (presence of angular inclusions) typical for accretionary lapilli. The clasts are probably a mixture of reworked sedimentary material and pyroclastic (lapilli, shards) material. H7 Hooggenoeg Formation (H5c), accretionary lapillistone 300 µm-1 mm lapilli, 30 vol% of relatively coarse chert matrix.
Laminated chert with laminae rich in accretionary lapilli. Equant, spherical to irregular lapilli of relatively coarse chert and intergrown brownish phyllosilicate. Rare compound, dumbbell-shaped lapilli. Silt-to fine sand-sized, angular, shardlike particles with broken bubble walls are common.
MC3
Msauli Chert (Fig. 3) , accretionary lapillistone 500 µm-1.2 mm lapilli, mostly 800 µm, ~20 vol% matrix of clear chert.
Well-rounded lapilli with a characteristic "rough" outline, replaced by silica and brown phyllosilicate. Lapilli consist of silt-to sand-sized grains that are dominated by phyllosilicates and rare clear chert. There are abundant angular grains (100-200 µm) mostly in the matrix, but also in the lapilli, that consist of chlorite and may represent nonvesicular volcanic glass shards.
MC16
Msauli Chert (Komati Gorge), accretionary lapillistone 1.5-3 mm lapilli, 20 vol% matrix of coarse quartz and dolomite.
Completely chert-replaced, mostly spherical to ovoid particles. Lapilli outlines only discernible as a result of a sericite-rich rim. No zonation recognizable.
MC20
Msauli Chert (type locality), accretionary lapillistone 1.5-3 mm lapilli, loosely packed, supported by matrix (~40 vol%) of chlorite, silica, and carbonate.
The lapilli are subspherical and consist of finely intergrown chert and minor sericite. Several lapilli contain a nucleus of chert or chlorite-replaced material. The lapilli vary in texture, are fine to coarse grained, and are massive to concentrically layered.
Note: BVS, Barite Valley Syncline; PY, Pyrite; CPY, Chalcopyrite. One sample of S3 from the type locality and one sample from the Sheba Mine spherule bed have been analyzed for chromium isotopes and both yielded isotopic anomalies close to the value for carbonaceous chondrites . This result was taken by these authors to imply an unusually high extraterrestrial component of 50%-60% and that all the Cr in these samples is of extraterrestrial origin.
A sample from the S3 type locality (FT13 , Table 1 ) is a fine-to medium-grained sandstone that has no more than 15 vol% of round to ellipsoidal spherules. Many spherules consist of chlorite and are either massive or contain a spherical, partly off-centered nucleus of coarse quartz. They are disseminated in a groundmass of poorly sorted, angular clasts of quartz, minor chert, and chlorite-rich clasts surrounded by a chert Fig. 2 for location of section; modified from Heinrichs and Reimer, 1977; . Positions of logs shown in Figure 9 are indicated. matrix; many chert and chlorite clasts are elongate, angular, splintery fragments similar to glass shards (Fig. 10A) . Disseminated, commonly idiomorphic sulfide grains are common. Samples from Jay's Chert (F8, F9, Table 1), the host lithology, are compositionally distinct in that they contain abundant sedimentary chert clasts but no chlorite-rich clasts. A sample of either S3 or S4 (Fig. 2, locality G) shows well-developed botryoidal rims typical for many late Archean spherule occurrences (Simonson, 2003) .
The spherule layer from the west limb of the Barite Valley Syncline (F14, Table 1) comprises 15 vol% of spherical, ellipsoidal, and dumbbell-shaped spherules that are partly replaced by barite and are mixed with angular to rounded, massive chert clasts probably derived from the underlying sedimentary chert beds. Pyroclastic material was not observed. Spherules in underlying (i.e., stratigraphically lower but crosscutting) chert dikes (F13, Table 1 ) are more tightly packed and are entirely replaced by quartz and sericite micromosaics. The spherule layer from the east limb of the Barite Valley Syncline (F12 ,  Table 1 ) is almost totally composed of well sorted, commonly zoned spherules that consist of finely intergrown chert and sericite (Fig. 10C ).
Spherule Layer S4
Spherule layer S4 has been reported from a single locality, 6.5 m above S3 at the S3 type section (Fig. 2, locality F) . It crops out for only 1 m along strike because of erosion by overlying strata. It is a thin, current-deposited bed containing chloritereplaced spherules, spherule debris, and terrigenous clastic grains. Iridium contents are high and range from 8 to 450 ppb. Spinels have not been observed, and the platinum group element carrier phase(s) remains unidentified . The chromium isotopic compositions of two samples from this locality are nonterrestrial and indicate a high extraterrestrial component of 15%-30% . The Ir data indicate an even higher extraterrestrial component.
A sample from the S4 type locality (FT14 , Table 1 ) comprises 70 vol% of strongly compacted and squashed spherules, which are composed of massive chlorite and have some subspherical nuclei of chert (Fig. 10D ). They are, thus, very similar to spherules from the S3 layer. The matrix consists of angular clasts of quartz, chert, and phyllosilicate-rich clasts that may represent replaced lithoclasts.
Accretionary Lapilli
Bedded cherts containing layers composed of silicified accretionary lapilli are widespread in the Barberton greenstone belt and have been studied by a number of workers (Lowe and Knauth, 1977; Reimer, 1983; Heinrichs, 1980 Heinrichs, , 1984 Stanistreet et al., 1981; Lowe, 1999a) . Accretionary lapilli range from sand to fine pebble size (typically 0.5-5 mm, i.e., they are strictly speaking not all lapilli but also include particles of coarse ash 44
A. Hofmann et al. size), are massive or concentrically laminated, and may have a nucleus. They are abundant most notably in bedded chert horizons overlying ultramafic volcanic rock sequences (Lowe, 1999a) and are particularly well developed in the Msauli Chert at the Onverwacht- Fig Tree contact , which consists of a unit of lapillistone ~20 m thick (Fig. 5 ). According to Heinrichs (1984) , Msauli Chert lapilli consist of microcrystalline quartz and white mica with minor but varying amounts of chlorite, ferroan dolomite, authigenic K-feldspar, rutile, and opaques. The presence of vesicular and pumiceous ash particles within the accretionary lapilli and in the groundmass supports a volcanogenic origin. Ash particles are mostly vitric fragments; crystal and lithic fragments occur in subordinate amounts. Based on the absence of quartz and feldspar phenocrysts coupled with low Al 2 O 3 and Zr but high Cr contents (Lowe, 1999b) , the Msauli Chert is regarded as comprising pyroclastic debris of komatiitic parentage.
Accretionary lapilli of the Msauli Chert are found in normally graded beds that consist of lapillistone at the base and komatiitic tuff, now green chert, at the top (Heinrichs, 1984) . Current and climbing-ripple lamination as well as cross-bedding are common in the middle to upper parts of many beds. The graded beds show partial or complete Bouma sequences and have been interpreted as the deposits of turbidity currents that formed upon the entering of pyroclastic falls and base surges into water (Stanistreet et al., 1981; Heinrichs, 1984) . The absence of pelagic intervals and the similar composition throughout the section coupled with a uniform paleocurrent pattern were regarded to reflect a major phreatoplinian eruption cycle (Heinrichs, 1984) . On the other hand, Lowe (1999a) interpreted the graded beds as shallow-water deposits and suggested that the Bouma sequence reflected the declining rate of pyroclastic fall into flowing water rather than declining velocities of turbidity currents. The accretionary lapilli were regarded as having formed during hydromagmatic explosions in the closing stages of major episodes of komatiitic volcanism, when broad shield volcanoes became subaerial. Accretionary lapilli, although now found as reworked material in subaquatic deposits, are generally thought to form in phreatomagmatic eruption columns and ash clouds, suggesting shallow-water to subaerial volcanism (e.g., Fisher and Schmincke, 1984) . Interestingly, accretionary lapilli in the Barberton greenstone belt are mostly associated with ultramafic volcanism (Lowe, 1999a) . This relationship would suggest local subaerial conditions only during times of komatiite volcanism. It seems clear that the mechanisms related to the formation of ultramafic accretionary lapilli in the Archean are not yet understood.
For comparative purposes and in order to delineate the similarities and differences between accretionary lapilli and impact spherule horizons, respectively, several samples of pyroclastic deposits containing accretionary lapilli were obtained: two from the Middle Marker (Fig. 3) , one sample each from chert horizons H3c and H5c at the middle and top of the Hooggenoeg Formation (Fig. 3) , and three samples from the Msauli Chert (Fig. 5) . Accretionary lapilli from the Middle Marker (MM5, Table 1) are mostly spherical. Angular shardshaped clasts with broken bubble walls are common in the lapilli (Fig. 11A) . A volcaniclastic sandstone intercalated with lapillistone (MM3, Table 1 ) consists of a variety of spherical to angular clasts, some of which clearly represent shards of sparsely vesicular glass. Spherical particles may represent quenched lava droplets, although teardrop and dumbbell-shaped particles are absent, and some show agglutinated grains typical for accretionary lapilli (Fig. 11B) .
Accretionary lapilli from the top of the Hooggenoeg Formation (H7, but rare dumbbell particles occur apart from abundant shardlike grains (Fig. 11C) . Lapilli from the Msauli Chert are quite variable in texture, and fine-to coarse-grained and massive to concentrically layered types occur (Fig. 11D) . Clasts resembling nonvesicular volcanic glass shards are common in this layer.
GEOCHEMISTRY
Most of the samples described here (for sample detail, refer to Table 1 ) were analyzed for selected major and trace element contents by instrumental neutron activation analysis. Samples were reduced by jaw crusher into small chips. After cleaning, vein-free chips were handpicked and crushed in an agate mortar. This material was then pulverized using an agate mill. About 150 mg of sample powder of each sample was sealed into polyethelene vials and irradiated together with international geological standard reference materials (for quality control) at the Triga reactor of the Atomic Institute of the Austrian Universities in Vienna. Details on the counting procedure, instrumentation, standards, calculations, accuracy, and precision are given in Koeberl (1993) . The results are listed in Table 2 .
All samples have been affected by silica metasomatism. The change in composition as a result of silicification has been documented for volcanic rocks of the Barberton belt (Duchac and Hanor, 1987; Hofmann, 2005b) . Silicification is generally associated with a depletion of most elements except for K 2 O, Rb, and Ba, which are enriched due to alteration overprint. Sc, V, and Cr were relatively immobile, whereas Ni, Co, Cu, and Zn were more mobile and became depleted in volcanic rocks but enriched in some sedimentary rocks. LREE (light rare earth elements) became enriched relative to the HREE (heavy rare earth elements) during progressive alteration of volcanic rocks (Hofmann, 2005b) .
Samples of accretionary lapillistone, including volcaniclastic sandstone from the Middle Marker, are characterized by relatively high Cr/Th and low Th/Sc ratios similar to komatiites and komatiitic basalts (see Hofmann, 2005a for a summary of geochemical characteristics of Barberton rocks), suggesting that they represent ultramafic pyroclastic deposits. Relatively unfractionated REE (rare earth element) patterns support this view (Fig. 12A) . Cr/Ni ratios are relatively high, which may reflect Ni depletion during silicification.
The geochemistry of chert horizons in the Hooggenoeg Formation, one of which (H4c) represents the host rock for spherule layer S1, generally reflects the composition of the volcanic rocks with which they are interbedded (Hofmann, 2005b) . This may reflect the presence of detrital material eroded from underlying rocks or admixtures of tuffaceous material. Spherule layer S1 contains high Sc and Cr contents, resulting in trace element ratios similar to rocks of komatiitic basalt composition. Such rocks underlie chert horizon H4c.
Two samples of spherule layer S2 from different localities are chemically very similar except for variable Cr content, indicating that Cr is heterogeneously distributed in the samples. The samples are characterized by enriched LREE and unfractionated HREE identical to underlying chert and overlying shale (Fig. 12B) . They also have similar trace element contents to the host rocks, suggesting that their chemical compositions reflect the composition of eroded and admixed host rock material. The Cr content is within the range of Cr concentrations of the host rocks (few ppm in Fig Tree cherts versus up to 1260 ppm in Fig  Tree shales, Hofmann, 2005a) .
Spherule samples derived from the east and west limbs of the Barite Valley Syncline are compositionally distinct. Those derived from the west limb show LREE-enriched patterns, while the sample from the east limb is characterized by an LREE-depleted pattern (Fig. 12C) . Ba contents are exceptionally high for all samples.
Samples from the S3 and S4 spherule layers and from the immediate host rock (Jay's Chert) at the type localities show very similar trace element ratios. They are characterized by enriched LREE and unfractionated HREE patterns similar to underlying shale (Fig. 12D ). Cr and Ni are enriched in the spherule layers relative to the immediate host rock (Table 2) .
Samples from the event beds along the Onverwacht- Fig  Tree contact (Table 1) have trace element ratios similar to basaltic rocks from the Barberton greenstone belt. REE patterns are characterized by LREE enrichment and are thus similar to some of the spherule samples analyzed. Iridium levels are only elevated in layers regarded to consist of impact spherules. The highest Ir values obtained are associated with the S3 and S4 spherule layers (Table 2) .
PROBLEMS WITH AN IMPACT ORIGIN FOR THE SPHERULE LAYERS
Problems associated with stratigraphic relationships and the impact origin of specific spherule beds have been emphasized in the past Koeberl and Reimold, 1995; Reimold et al., 2000) . presented a detailed discussion on the origin and positioning of the Barberton spherule layers. In the following section, we present a discussion that roughly follows the points raised by these authors. Discussion of the difficulties of impact spherule recognition is also included.
Spherule Recognition
According to the study of late Archean and Paleoproterozoic spherule layers by Simonson (2003; also Kohl et al., this volume) , the best criteria to recognize spherule beds of likely impact origin include (1) a predominance of highly spherical grains in the sand-sized fraction; (2) the presence of grains with unusual shapes, such as teardrops and dumbbells; (3) fibroradial aggregates of K-feldspar crystals nucleated on the edges of spherules and growing inward; and (4) well-defined internal spots representing both cement-filled vesicles and replaced glass cores not always located in the centers of such grains. The problem with using some of these criteria for Barberton spherules is that the spherule layers together with the interbedded host rocks have been subjected to intense alteration and metasomatism (de Wit et al., 1982; Paris et al., 1985; Lowe and Byerly, 1986; Duchac and Hanor, 1987; Hanor and Duchac, 1990; Lowe, 1999b) as well as tectonic deformation in many cases. The original mineral assemblages of all our samples have been replaced by chert, sometimes together with barite, siderite, and various phyllosilicate phases. Sericite and chlorite are minerals observed widely. However, the presence of botryoidal rims probably originally showing a radial-fibrous texture in some samples (Fig. 10B) , the common presence of off-centered spherical "nuclei" in many samples, and characteristic shapes are consistent with their origin as former melt droplets, although such textural indicators fail to differentiate between impact and volcanic melt droplets.
Spheroidal particles that can be confused with impact spherules include volcanic spherules formed during lava fountaining, accretionary lapilli, and sedimentary ooids (Simonson, 2003) . No ooids with their characteristic radial-concentric structures and central nuclei have yet been observed in Barberton sedimentary rocks. Accretionary lapilli are common in the stratigraphy; they generally form highly spherical grains, including dumbbell shapes in rare cases. Because accretionary lapilli are mechanical accretions of volcanic ash, they can generally be identified by the presence of vitric tuff particles, both within the lapilli and in the matrix, together with a frequently observed concentric lamination (Fig. 11D) . Spherules representing quenched melt droplets of either volcanic or impact origin cannot be distinguished using textural characteristics, but tuffs that formed by lava fountaining are believed to occur over much smaller areas (<10 km lateral extent) than impact deposits (Simonson, 2003) . Thin layers consisting mostly of former melt droplets and which are laterally very extensive are, thus, more likely to be of impact origin. However, layers consisting of only a small proportion of spherules but much reworked material and showing evidence that they formed by density currents could well have formed by volcanic processes and then have been redistributed over much larger areas by such currents, covering distances well exceeding tens of kilometers. This holds especially true for layers that contain unequivocal pyroclastic material. Most of the Barberton spherule layers and similar beds reflect short-lived, high-energy events and show evidence for waning current activity. Although preferably attributed to tsunami wave action , high-energy density currents could have been equally capable of depositing many of these layers.
Correlation of Spherule Beds
The main reason for the current uncertainties with respect to the correlation of spherule layers situated along the Onverwacht- Fig Tree contact is that the contact in different tectono-stratigraphic units is apparently diachronous (Kröner et al., 1991; Byerly et al., 1996) . Near the S2 type section, a dacitic tuff bed intercalated with ferruginous cherts occurring 20 m above the spherule layer has yielded a SHRIMP (sensitive high-resolution ion microprobe) zircon age of 3258 ± 3 Ma (Byerly et al., 1996) , suggesting that the spherule bed is slightly older. This age is corroborated by zircon ages for a dacitic breccia and a tuffaceous sandstone of the Auber Villiers Formation of ca. 3255 Ma (Byerly et al., 1996) . This unit tectonically overlies the Fig Tree strata in the vicinity of the S2 type locality along the Auber Villiers Fault (Fig. 2) .
On the other hand, a dacitic tuff underlying a spherule bed at the Onverwacht- Fig Tree contact near the Inyoka Fault and close to the Maid of the Mountain Mine (Loop Road locality of  Fig. 1 ) has been dated at 3243 ± 4 Ma (Kröner et al., 1991) , suggesting that this spherule layer is younger than the previous layer. This 3243 Ma age is in contrast to zircon ages of ca. 3255 Ma obtained from felsic siliciclastic rocks of the Bien Venue Formation (Kröner et al., 1991; Kohler, 2003) . The Bien Venue Formation locally overlies the Sheba and Belvue Road Formations in the northern part of the greenstone belt and has been correlated with the Auber Villiers Formation (Kohler and Anhaeusser, 2002) , suggesting that the Onverwacht- Fig  Tree contact cannot be younger than 3255 Ma in the northern part of the greenstone belt as well. It seems likely that the Onverwacht- Fig Tree contact is broadly synchronous throughout the Barberton greenstone belt; i.e., it must be located within the time interval of ca. 3260-3255 Ma. This is supported by the lack of evidence for continued mafic magmatism in the southern part of the greenstone belt after ca. 3255 Ma.
The age of 3243 Ma is difficult to interpret. According to , the sample locality lies within a few meters of a major fault and associated rocks are strongly altered, possibly affecting the clarity of the field relationships. The age could also reflect intrusive felsic magmatism, as indicated by an identical age from a felsic porphyry in the Kromberg Formation (Kröner et al., 1991) . If the above assumptions are correct, the spherule layer developed along the Onverwacht- Fig Tree con tact could be a single layer. If this is the case, spinel character and abundance, Ir contents, and spherule types cannot be used for correlation purposes as has been suggested by . This could also mean that the event deposit located along the Onverwacht- Fig Tree contact formed during meteorite impact; the presence of accretionary lapilli in this unit would argue for relatively proximal ejecta deposits.
On the other hand, there is geochemical evidence (Hofmann, 2005a ) that the Fig Tree Group consists of different stratigraphic packages in different tectono-stratigraphic units. Based on lithological and geochemical data (Heinrichs, 1980; Hofmann, 2005a) (Fig. 9) have been dated at 3227 ± 4 Ma (Kröner et al., 1991) . This age is identical to ages obtained for the Schoongezicht Formation (Kröner et al., 1991; Kamo and Davis, 1994) , which is the stratigraphically uppermost unit of the Fig Tree Group . This age indicates that the section of Fig Tree Group rocks in the Barite Valley Syncline must be condensed and could contain unconformities, as suggested by Heinrichs and Reimer (1977) and Lowe and Nocita (1999) , making stratigraphic correlations between spherule layers at this locality difficult.
A further point worth mentioning in this context is the regional correlation of spherule bed S1. Zircons in this spherule layer have been dated at 3470 ± 2 Ma (Byerly et al., 2002) . The same age was reported by these authors for a spherule layer in the Pilbara craton and used as evidence that these two deposits could represent a single fallout layer of global extent. The zircons were interpreted as locally derived detritus eroded by impact-generated tsunami waves and representing coeval or slightly older felsic igneous activity, thus providing an approximate depositional age for the spherule layer (Byerly et al., 2002) . It must be noted, however, that zircons from the Middle Marker chert, which is situated ~2600 m stratigraphically below S1, yielded, within error, the same age (3472 ± 5 Ma; Armstrong et al., 1990) , casting doubts on the usefulness of these zircon ages for correlation purposes. Considering the fact that possible impact spherules in S1 samples only constitute a minor component, the correlation between the zircons and the impact spherules also remains tenuous.
How Many Spherule Layers?
We have shown that layer S2 and layer S3 of the northern facies could be correlative. It is also possible that layer S2 and layer S3/S4 of the southern facies are the same. We acknowledge the fact that stratigraphic correlations in the Fig Tree Group are difficult, but these difficulties need to be addressed before inferences on the impact flux during the Archean should be made. A further problem is that many spherule layers occur as pairs of normally graded beds (e.g., the S2 layer) that can be separated by at least several decimeters of strata. Could this mean that the S4 layer, which occurs ~7 m above S3, consists of reworked spherules that originally formed during the S3 event and were only later introduced to the depositional site? Spherules in both layers are compositionally and texturally similar, and both layers have a large calculated extraterrestrial component . The number of spherule layers in the Barberton greenstone belt may thus be less than currently believed. However, apparently additional spherule layers have since been discovered, for example at the contact between the Sheba and Belvue Road Formations ( Fig. 3 ; , but have not yet been described in detail.
Siderophile Element (e.g., Iridium) Enrichment
Layers S3 and S4 show Ir enrichments that for a considerable number of samples are similar to, and even exceed, the chondritic level by factors of up to 4 Koeberl and Reimold, 1995; Reimold et al., 2000; Kyte et al., 2003) . Several explanations have been offered by , including element fractionation in impact-produced rock vapor clouds that resulted in the formation of compositionally heterogeneous spherules, fractionation of Ir-enriched spinel-bearing spherules during fall and reworking due to density contrasts, pressure solution of spherule beds with Ir enrichment in the residual material, and hydrothermal alteration that resulted in element redistribution. The question remains, though, why these processes would have operated only in the case of the Barberton spherule layers. PGE abundances in more recent impact deposits (e.g., K/T boundary layer) or even in the 2.6 Ga impact spherule layers in South Africa (e.g., the Monteville layer) and in Australia (e.g., the Jeerinah layer) are much more in line with expectations for impact deposits (i.e., they contain only up to a few percent of extraterrestrial material; Simonson and Glass, 2004; Rasmussen and Koeberl, 2004) .
The observations by Koeberl et al. (1993) , Koeberl and Reimold (1995) , and Reimold et al. (2000) included extremely high PGE abundances in some spherule layer samples, which also showed near-chondritic abundance ratios. Furthermore, they described the association of high PGE abundances with secondary sulfide mineralization (such as gersdorffite) and a positive correlation between chalcophile elements (e.g., As, Sb, Se) and the siderophile element contents. This latter finding suggested that the hydrothermal alteration that pervasively affected the Barberton spherule layers did not affect the siderophile element contents, unless the alteration was actually responsible for these strong enrichments of siderophile elements. This latter possibility seriously questions the validity of the widely held belief that the Ir contents are a meteoritic component and can be used to determine sizes of bolides that caused the impacts responsible for the formation of these spherule layers. In addition, it is difficult to understand why the PGE interelement ratios would not change significantly during any post-formational hydrothermal redistribution and sulfide mineralization.
The earlier geochemical work by Koeberl et al. (1993) and Koeberl and Reimold (1995) has been criticized as having focused on sulfide-and gold-mineralizedand, thus, hydrothermally affected-areas at Sheba gold mine. In order to address the issue of element redistribution during hydrothermal alteration, the material investigated by Reimold et al. (2000) was derived from outside the immediate sulfide/gold-mineralized zone mined at Agnes gold mine. However, again, good correlation between siderophile element abundances and those for highly mobile, likely hydrothermally introduced elements was observed. In addition, our current examination of samples from all spherule beds so far described in the Barberton belt by Lowe and coworkers has shown that at least trace sulfide mineralization is a feature of all these beds. On the other hand, it has been repeatedly noted that Ir should not be considered in isolation. Koeberl and Reimold (1995) and Reimold et al. (2000) demonstrated that Ir is well correlated with other volatile and mobile elements, such as Zn or As. The point made was that Ir concentrations cannot be attributed, per se, to a meteoritic component and applied to calculate a meteoritic component or even infer sizes of projectiles. noted that Ir abundances as high as, and even higher than, those of the spherule layers have been reported from the K/T boundary layer and meteorites. Although extremely high (or low) Ir concentrations in individual samples of impact deposits can be a result of heterogeneous distribution of ejecta phases or chemical redistribution by post-depositional diagenetic or metasomatic processes (Shukolyukov et al., 2000) , there is no K/T boundary sample in the world that has Ir (or other PGE) contents that exceed the chondritic abundances. Ir contents at various terrestrial K/T boundary sites vary from 1-26 ppb; in marine layers values up to ~50 ppb have been measured, and the most organic-rich sublayers at marine sites (e.g., Stevns Klint; Caravaca) have ~60-180 ppb Ir (e.g., Schmitz, 1988) . There are some meteorites (iron meteorites) that have Ir contents up to 20 ppm (which is indeed higher than chondrites at 0.7 ppm or the highest values in the Barberton spherule layers at ~2.4 ppm), but this is irrelevant because the impactor certainly was not an iron meteorite for a variety of reasons, such as the chromium isotope compositions that indicate a carbonaceous chondritic impactor (Shukolyukov et al., 2000; Kyte et al., 2003) .
Volcanic versus Impact Origin for Spherules
Quenched silicate melt droplets form from either lava fountaining during volcanic eruptions or from meteorite impacts and show identical petrographic characteristics (Heiken, 1972; Simonson, 2003) . Because of this, unequivocal petrographic distinction between volcanic and impact spherules is hardly possible. emphasized a couple of points as being in favor of a meteorite impact origin for the Barberton spherules and spherule layers, such as the regional extent of the spherule beds, the compositional diversity of the spherules, their distinctiveness as compared to other volcanic particles, and their restricted presence in unique beds. However, all these points also apply to accretionary lapilli that form distinct, laterally traceable horizons in the Barberton greenstone belt. Possibly the strongest point raised by for an impact origin in this context may be the absence of pyroclastic material, such as shards, vesicular grains, or phenocrysts, in the spherule layers. Although this may hold true for many of the spherule layers, it is definitely not the case for the S1 layer, which contains glass shards (Fig. 4B ) and scoriaceous particles (Fig. 4C) . Shardlike particles were also observed associated with S3 (Fig. 10A) . The presence of pyroclastic grains associated with the S1 spherule bed thus raises the possibility that the spherules could be either of volcanic origin rather than of impact origin or that materials of different origin were mixed prior to deposition or in the depositional environment.
On the other hand, certain layers not regarded as impact deposits and containing abundant pyroclastic material also contain spherical particles that resemble impact spherules (Figs.  6D-6F) . Furthermore, some of these layers, such as the layer at the top of banded cherts along the stratigraphically lowermost Onverwacht- Fig Tree contact (Fig. 5) , are laterally as extensive as the spherule layers. This and similar layers contain conspicuous clasts that are characterized by a porphyritic texture, as indicated by idiomorphic, equant chert domains (possibly after olivine), although some of these domains are spherical and may represent chert-filled vesicles (Fig. 6B) . The same clast type occurs in S1 (see above) and is very common in 3.4 Ga silicified arenitic sedimentary rocks of the Pilbara craton (Dunlop and Buick, 1981) . Interestingly, the impact layer formed by the ca. 2 Ma Eltanin asteroid (Gersonde et al., 1997) contains abundant olivine-phyric vesicular particles, very similar to the ones described here, that have been interpreted as shock-melted debris derived from this oceanic impact (Kyte and Brownlee, 1985) . This discussion shows that certain clasts that resemble pyroclastic material may have originated during impact events. This holds true even for accretionary lapilli (Graup, 1981) , which seem to be more common in impact ejecta than previously thought, as indicated by a number of recent discoveries (e.g., Addison et al., 2005; Schulte and Kontny, 2005) . Unequivocal petrographic distinction between volcanic and impactderived particles is thus very difficult, if not impossible.
The geochemical evidence presented in favor of a meteorite impact origin, such as Ir anomalies (Lowe et al., 1989; Kyte et al., 1992) , near-chondritic PGE ratios (Kyte et al., 1992) , spinel compositions unlike those in associated komatiites (Byerly and Lowe, 1994) , and Cr/Ir ratios similar to those in carbonaceous chondrites (Lowe et al., 1989 cannot rule out other processes completely, as discussed in various sections of this contribution. Chromium isotope ratios from the Barberton layers have been stated to indicate an extraterrestrial Cr component, suggesting carbonaceous chondrite projectiles (Shukolyukov et al., 2000; Kyte et al., 2003) . With respect to spinel composition, it may be true that the spinels in the spherule layers are unlike igneous spinels in interbedded komatiites (Byerly and Lowe, 1994) . However, the spinels in these layers are also compositionally different compared to similar spinels from known impact layers (e.g., late Eocene; K/T boundary). Reimold et al. (2000) determined that at least some Cr-spinel in Barberton spherule samples is distinctly zoned, with outer zonation likely a result of hydrothermal overprint. These authors raised the questions as to whether cosmic chromium remains in a regionally open chemical system without significant fractionation and whether chromium isotopic signatures in the various Barberton spherule beds are similar. This latter question still requires further work. Clearly, the chemical characteristics of the spherule-bearing layers in the Barberton stratigraphy that, to date, have not been directly linked to impact must be established in order to be able to better constrain the impact signature.
Spherule Formation
Spherules in the Barberton greenstone belt are interpreted to have formed by condensation of global clouds of impactgenerated rock vapor rather than ballistic particles thrown out from the impact sites (Lowe et al., 1989; Kyte et al., 1992; Byerly and Lowe, 1994; . This interpretation is based on (1) the absence of ballistic particles in the spherule beds (except for possible detritus in S1), indicating that the beds represent distal impact deposits far from the original crater sites; (2) an assumed high proportion of bolide material in the layers (Kyte et al., 1992; Byerly and Lowe, 1994) ; and (3) the similarity of the Barberton spherules to younger microkrystites .
The interpretation of these layers as distal impact ejecta is clearly problematic. The high proportion of spherule material in some of these strata is in contrast to distal impact ejecta from more recent impact events that have highly diluted spherules, if any. There is also the excessively high proportion of meteoritic component in these layers, with more modern microkrystite layers having a much lower meteoritic component . Clearly, our understanding of the distribution of meteoritic material in and outside the crater region is far from good. In addition, the distribution of impact ejecta itself, especially that of impact melt that would likely contain the bulk of the nonvaporized meteoritic projectile mass, is also not well constrained. Our knowledge is based mainly on work on quite small impact events, such as the Ries or Bosumtwi events that produced crater structures of 24 and 10 km, respectively, but that produced substantial amounts of impact melt that was dispersed widely in the form of tektites, in addition to the sizeable amounts of melt incorporated into suevitic breccias. Furthermore, there are the K/T boundary and late Eocene ejecta layers (for a recent review, see Simonson and Glass, 2004) . However, a direct comparison between these more recent impact events and those recorded in the Archean impact layers is naturally hindered by the different target assemblages-more mafic in the case of the Archean impacts-as well as the comprehensive secondary alteration of the Archean impact deposits. Overall, there are no definite constraints on the size or the velocity of the bolides, and these factors would obviously play a major role in the production of kinetic energy and, consequently, melt volume generated. In the absence of much detail regarding the formation of large impact structures in mafic volcanic terrains (the terrestrial impact record is very limited in this regard), it is not well known how melt formation scales with event magnitude and how melt accumulation and/or dispersal behave in such events of impact into oceanic, basaltic crust. Another critical factor with regard to scaling of impact events from levels of meteoritic contamination in ejecta is the fact that distal impact ejecta cannot be taken a priori as representing target-derived ejecta alone. In contrast, it is mandatory to consider these materials, at least in the closer environs of impact structures, as mixtures of ejecta plus ground-derived debris.
Bolide Size Estimate
Various parameters have been used to estimate the size of the bolides that are thought to be responsible for the Barberton spherule layers, including spherule bed thickness (Sleep et al., 1989) , spherule size (Lowe et al., 1989; Melosh and Vickery, 1991; Byerly and Lowe, 1994) , Ir concentration (Kyte et al., 1992; Byerly and Lowe, 1994) , and extraterrestrial Cr content (Shukolyukov et al., 2000) . Most yielded estimates of 20-50 km for the bolides. It is clear that some of these estimates are problematic for several reasons. For example, it is unknown if the beds were deposited globally and, even if they were deposited over vast areas, how their thicknesses varied spatially. The zircon evidence (Byerly et al., 2002) that suggests that spherule layer S1 can be correlated with a similar bed in the Warrawoona Group of the Pilbara craton is ambiguous (as discussed in detail above). In addition, Ir values are highly erratic and can exceed chondritic values, probably as a result of secondary alteration and mineralization processes. Many other variables, such as target composition and water depth, are equally unknown, making any bolide size estimates highly speculative at best.
CONCLUSIONS
The identification and significance of Precambrian impact deposits remains an interesting problem for future studies. Many geologic and petrographic criteria for the identification of Archean impact deposits cannot clearly differentiate between a volcanic and an impact origin. Geochemical studies face problems associated with hydrothermal alteration or insufficient data, as the Cr isotope method has not yet been applied widely. In addition, some classic criteria for the identification of impacts (observation of source craters and shocked minerals) may not be applicable to these ancient rocks.
No source craters have yet been identified for the Archean and Paleoproterozoic spherule layers from South Africa and Australia. Given the scarcity of the Archean geological record, it is most likely that they will never be found, especially if the impacts took place on oceanic crust. The oldest-known continental impact structure on Earth is the originally 250-300-kmlarge Vredefort structure in South Africa (Gibson and Reimold, 2001 , for a recent review; also Koeberl, this volume). The Vredefort impact structure is deeply eroded, with 7-10 km erosion depth. No unequivocal trace of ejecta from this event has been determined to date. Only the putative proposition by Chadwick et al. (2001) that the ca. 1.8-2.1 Ga Greenland spherule occurrence could be related to either the Vredefort or Sudbury impact event has been noted, although it may not be related to either one of these impact events.
None of the Archean or Proterozoic spherule layers known to date is associated with shocked minerals, which are the hallmark for all confirmed impact structures and ejecta. The notable exception is a single grain of quartz with planar deformation features from the 2.63 Ga Jeerinah layer (Rasmussen and Koeberl, 2004) . It has been suggested that the Archean impacts involved oceanic crust, resulting in the absence of shocked quartz or zircon, and that alteration of the spherule beds overprinted potential shock features associated with other minerals (Byerly and Lowe, 1994; Simonson et al., 1998; . Unshocked quartz and zircon grains are not uncommon in the Barberton spherule layers, although they have been regarded to represent locally derived detritus (Byerly et al., 2002) .
It is not clear why proposed impact events in the Archean and Paleoproterozoic predominantly produced large volumes of spherules (aggregate thickness of spherules in spherule layers of up to several decimeters; Simonson and Harnik, 2000) , which are mostly absent from post-Archean impact deposits, i.e., those for which source craters are known. If this is purely the result of a higher impact flux and of the impact of much larger bolides at that time, we should expect to find many other, and generally thinner, impact-induced spherules or other meteoritic debrisbearing layers in these ancient strata. No evidence for this has so far been presented. Although high-energy event deposits are common in the Barberton greenstone belt throughout the stratigraphy, it is more reasonable to regard these beds as deposits of tsunami waves and gravity flows, triggered by volcanic or earthquake activity rather than by impacts. The impact flux during Fig Tree times was probably slightly higher than today, maybe by as much as a factor of two from back-extrapolating the known cratering rates, but this would not account for the large number of large impacts proposed by Lowe and coworkers half a billion years after the late heavy bombardment (Ryder et al., 2000; Ryder, 2002; Koeberl, 2004) .
Despite the discovery by Shukolyukov et al. (2000) that the S4 layer and by Kyte et al. (2003) that also the S3 (and possibly the S2) layers have chromium isotope anomalies that point toward a carbonaceous chondritic component, many questions remain to be addressed. We accept that there is an extraterrestrial component present in some layers, but this does not invalidate the many questions noted above, such as the unusually high calculated extraterrestrial Cr content and extremely high Ir values found in some of the spherule layers, up to 2700 ppb Ir (Koeberl and Reimold, 1995) , which is four times the Ir concentration in chondrites (including carbonaceous chondrites). Clearly, the spherule layers do not consist of 100% of meteoritic material. No impact layer ever does. Even coherent impact melt rocks in the central parts of large impact structures only rarely carry more than 1%-2% meteoritic component (e.g., Koeberl, 1998) . Many of the Barberton spherule layers, including those that yielded high Ir values, are not even composed of 100% spherules and instead are strongly diluted by locally derived detritus (or a mixture of impactejected target material plus local detritus). Dilution by early diagenetic chert cement, which can constitute up to 40 vol% of spherule samples (Table 1) , also needs to be taken into account. Apart from elevated PGE and some transition metal contents, the trace element contents of the spherule layers are similar to the composition of the host rocks because of the incorporation of locally derived detritus.
The problem of excessive amounts of extraterrestrial component was observed by Kyte et al. (2003, p. 286) , who concluded "the Cr isotope data require extraterrestrial accretion as a source of materials in these beds, and we must find models that fit the data." Consequently, there must have been specific concentration mechanisms at work. Kyte et al. (2003, p. 286) mentioned "interplanetary dust storms" but were themselves critical of this possibility as it "is much less likely and inconsistent with large tsunamis proposed by Lowe et al. (1989 ." It is again noted that the spherule beds consist of a mix of possible impact, volcanogenic, and reworked sedimentary material plus an early diagenetic and hydrothermally added component.
Another problem is why the PGE ratios did not change during hydrothermal alteration that resulted in sulfide mineralization of some layers. And when exactly did this secondary mineralization happen? It has definitely taken place much later than the deposition of the spherule layers, most likely later than 3.1 Ga (de Ronde et al., 1991) . The detection of extraterrestrial Cr does not answer any of these questions raised. Further research on the Barberton spherule beds is required before inferences on the Archean impact flux can be attempted. The stratigraphic problems reviewed here can only be addressed by further lateral mapping in association with detailed analyses of the clast and spherule populations in samples from all known occurrences. A study of other high-energy event layers in the Barberton greenstone belt is also necessary in order to establish compositional similarities and differences in the spherule layers. Notably, the Ir carrier is still elusive (Reimold et al., 2000) , and further microchemical work on the unique spinel mineralogy is required.
